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ABSTRACT
Development of a Simplified Performance-Based Procedure
for Assessment of Liquefaction Triggering
for the Cone Penetration Test
Jenny Lee Blonquist
Department of Civil and Environmental Engineering, BYU
Master of Science
Soil liquefaction can cause devastating damage and loss and is a serious concern in civil
engineering practice. One method for evaluating liquefaction triggering potential is a risk-targeted
probabilistic approach that has been shown to provide more consistent and accurate estimates of
liquefaction risk than traditional methods. This approach is a “performance-based” procedure
which is based off of the performance-based earthquake engineering (PBEE) framework
developed by the Pacific Earthquake Engineering Research (PEER) Center. Unfortunately, due to
its complexity, performance-based liquefaction assessment is not often used in engineering
practice.
However, previous researchers have developed a simplified performance-based procedure
which incorporates the accuracy and benefits of a full performance-based procedure while
maintaining a more simplistic and user-friendly approach. Until now, these simplified
performance-based procedures have only been available for the SPT (Standard Penetration Test).
With the increasing popularity of the CPT (Cone Penetration Test), a simplified procedure is
needed for CPT-based liquefaction assessment.
This thesis presents the derivation of a simplified performance-based procedure for
evaluating liquefaction triggering using the Ku et al. (2012) and Boulanger and Idriss (2014)
models. The validation study compares the results of the simplified and full performance-based
procedures. The comparison study compares the accuracy of the simplified performance-based and
traditional pseudo-probabilistic procedures. These studies show that the simplified performancebased procedure provides a better and more consistent approximation of the full performancebased procedure than traditional methods. This thesis also details the development of the
liquefaction loading maps which are an integral part of the simplified method.

Keywords: liquefaction, performance-based earthquake engineering, cone penetration test, CPT,
probability of liquefaction, map-based procedures, PBEE
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INTRODUCTION

In 1964, Alaska experienced a magnitude 9.2 earthquake, the largest ever recorded in North
America and second-largest earthquake ever recorded in the world. This catastrophic event
highlighted the devastating effects of liquefaction-induced damage. A few months later, Niigata
(magnitude, Mw = 7.5) also experienced extensive liquefaction. These devastating events brought
a greater focus to liquefaction research. Since 1964, several procedures and methods have been
developed to help understand and predict liquefaction hazards. These procedures and methods
have evolved from deterministic and pseudo-probabilistic approaches to full probabilistic (or
performance-based) approaches. In recent years, performance-based approaches have become
more popular as they account for uncertainties and provide a more thorough analysis of
liquefaction. Even though these methods are more favorable than conventional methods,
performance-based methods are complicated and require extensive training. These difficulties
have caused practicing engineers to revert to using conventional methods despite the major
benefits of performance-based methods. To address this problem, researchers have developed
simplified performance-based procedures. Several simplified procedures have been developed for
SPT-based (Standard Penetration Test) models such as the Cetin et al. (2004) model by Kramer
and Mayfield (2010) and the Boulanger and Idriss (2012) model by Ulmer (2015). However, none
have yet been developed for CPT-based (Cone Penetration Test) models.
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The purpose of this thesis is to derive a simplified performance-based liquefaction triggering
procedure based on the Boulanger and Idriss (2014) liquefaction triggering model and the Ku et
al. (2012) model (probabilistic version of the Robertson and Wride (2009) model). The goal of the
simplified approach is to provide the benefits of a performance-based method while maintaining a
simplistic and user-friendly procedure. This is made possible through the use of liquefaction
parameter maps which developed by performing full performance-based calculations of reference
parameters. The simplified procedure obtains reference values from these maps for a site of interest
and then corrects the values for site-specific conditions using the correction equations derived in
this thesis. The difficulty of a performance-based approach is completed through the development
of the maps. The engineer only needs to provide site-specific soil information and apply the inputs
into the provided equations. This simplified procedure allows engineers to easily compute and
estimate liquefaction triggering potential in a timely manner.
This thesis will outline the derivations of the simplified performance-based procedures and
the development of the liquefaction reference parameter maps. We discuss the results of the
validation study, which evaluates the accuracy of the simplified procedure. Lastly, we also discuss
the results of the comparison study, which compares the accuracy of the simplified procedure and
the conventional pseudo-probabilistic procedure.
.
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LIQUEFACTION BASICS

Liquefaction of soils is a complex phenomenon. When liquefaction occurs, the soil
deformations and liquid-like behavior of seemingly solid or stable soils can be a threat to
infrastructure and lives. The occurrence of liquefaction is marked by an increase of excess pore
water pressure when soils are subject to undrained loading. Soils that are cohesionless and
saturated are more susceptible to liquefaction because of their tendency to densify under cyclic
loading. During the shaking of the earthquake, the saturated cohesionless soil undergoes undrained
conditions which does not allow pore water to dissipate. This undrained condition combined with
the densification of the soil causes pore water pressures to increase and effective stresses to
decrease. The loss in effective stress can result in failures, deformations, and serious damage.
The evaluation of liquefaction hazards is split into three components: susceptibility,
initiation, and effects. These three parts can be addressed by answering these three questions:
1) Is the soil susceptible to liquefaction?
2) If the soil is susceptible, will liquefaction be triggered?
3) If liquefaction is triggered, will damage occur? (Kramer,1996).
A complete evaluation of liquefaction hazard considers these components and questions.
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Liquefaction Susceptibility
Because not all soils are susceptible to liquefaction, determining liquefaction susceptibility
is the first step of liquefaction hazard evaluation. If a soil is susceptible, liquefaction initiation and
effects must also be evaluated. However, if a soil is not susceptible, the evaluation does not need
to move forward. The susceptibility of a soil can be determined based on four different criteria:
historical, geologic, compositional, and state criteria.

2.1.1 Historical and Geologic Criteria
Historical criteria consider if the site has liquified in the past and is usually determined
based on case histories or post-earthquake field investigations. Youd (1984) studied recurring
instances of liquefaction at the same site and concluded that liquefaction often recurs at the same
location when soil and groundwater conditions have remained unchanged.
The geologic criteria examines the geologic environment of a soil. The potential for a site
to liquefy can be affected by how a soil was deposited, the type of soil deposited, the ground water
table depth, and the soil’s “age”. Soil can sometimes be geologically deposited in a loose state
such as fluvial, alluvial-fan, and beach deposits which typically have high liquefaction potential.
Although not a geologic process, man-made hydraulic fills also exhibit similar loose deposition.
Because liquefaction deals with pore pressures and undrained conditions, ground water depth is
important to consider. As the depth to groundwater increases, liquefaction susceptibility decreases.
Naturally over time, soil tend to densify as it “ages”. Older soils may experience densification and
compaction compared to younger soil deposits. Thus, older soils generally have a lower
susceptibility to liquefaction and shallower (typically <15 meters deep) “young” soils are more
susceptible.
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2.1.2 Compositional Criteria
A soil’s composition such as grade, particle size, and shape can also determine its
susceptibility to liquefaction. Soil composition that allows proper drainage and densification may
be less likely to liquefy.
For a long time, it was assumed that liquefaction was only limited to sands. However,
instances of liquefaction in fine-grained soils have been observed in laboratory testing and the
field. The original criteria for liquefaction in fine-grained soils, known as the “Chinese criteria”
(Wang, 1979) was used to determine liquefaction susceptibility for many years. A fine-grained
soil was considered susceptible if it satisfied the following criteria:
-Fraction finer than 0.005 mm ≤ 15%
-Liquid Limit, LL ≤ 35%
-Natural Water Content, wc ≥ 0.9 LL
-Liquidity Index ≤ 0.75
However, during the 1994 Northridge, 1999 Kocaeli, and 1999 Chi-Chi earthquakes, finegrained soils that did not satisfy the criteria liquefied. Through further cyclic testing, Bray and
Sancio (2006) discovered that plasticity index (PI) was a better indicator of susceptibility. They
developed the following criteria based on their testing:
-Loose soils with PI < 12 and wc /LL > 0.85 were susceptible to liquefaction
-Loose soils with 12 < PI < 18 and wc/LL > 0.8 were more resistant to liquefaction
-Soils with PI > 18 at low effective confining stresses were not susceptible
Another commonly used criteria is the Idriss and Boulanger (2006) criteria which says that
fine-grained soils with a PI < 7 are susceptible to liquefaction.
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2.1.3 State Criteria
The generation of excess pore pressures during undrained loading is dependent on a soil’s
initial stress and density conditions, or state of the soil. Even if a soil does not fulfill the historical,
geological, and compositional criteria, the soil may still be susceptible to liquefaction because of
its’ tendency to develop these excess pore pressures. To understand methods for evaluating state
criteria this thesis covers basic concepts of critical void ratio and steady state of deformation.

2.1.3.1 Critical Void Ratio
Casagrande (1936) provided the foundation for understanding soil strength behavior. He
performed drained, strain-controlled triaxial tests on initially loose and initially dense sand
specimens. When tested at the same effective confining pressures, Casagrande found that
specimens approached the same density when sheared to large strains. During shearing, loose
specimens contracted (or densified), while dense specimens first contracted, but then quickly
dilated. Despite initial density, all specimens approached a boundary of constant density, where
the corresponding void ratio is called the critical void ratio, ec (

Figure 2-1).

Figure 2-1. Behavior of loose and dense specimens and CVR line (after Kramer 1996)

Through additional testing, Casagrande discovered that the critical void ratio was uniquely
related to the effective confining pressure and defined this relationship using the CVR line. During
6

undrained testing, Casagrande hypothesized that loose specimens would produce positive excess
pore pressures and dense specimens would produce negative excess pore pressures until the CVR
was reached. Through experimental testing, Casagrande’s hypothesis was validated. The CVR line
represents the boundary between contractive and dilative behavior, thus, marking the boundary
between susceptible and non-susceptible soils as shown in Figure 2-2a. In undrained conditions,
a soil plotted above the CVR line (Figure 2-2b) could be considered susceptible to liquefaction
because its contractive behavior generates excess pore pressures, causing the soil to lose strength.
If a soil (in undrained conditions) is plotted below the CVR line, it would be considered nonsusceptible to liquefaction because as the soil dilates, it gains strength.

(a)

(b)

Figure 2-2. Illustration of CVR boundary between loose (contractive)/susceptible and
dense (dilative)/non-susceptible soils (after Kramer 1996)

The CVR line principle was considered acceptable until the 1938 failure of the Fort Peck
Dam in Montana where static flow liquefaction failure was initiated during construction. An
investigation showed that the initial state of some liquefied soils plotted below the CVR line.
Casagrande believed this inconsistency with his original hypothesis was due to the inability to
perform strain-controlled tests to replicate the complicated conditions and behaviors of actual flow
liquefaction failure. However, in the late 1960s, Casagrande’s PhD student, Castro, was able to

7

perform stress-controlled undrained triaxial tests that modified Casagrande’s initial hypothesis
about state criteria.

2.1.3.2 Steady State of Deformation
Through his static and cyclic triaxial tests on isotopically consolidated specimens,
Castro observed three different types of stress-strain behaviors (Figure 2-3). Very loose specimens
(A) approached a peak undrained strength at low strains and then quickly flowed to large strains,
exhibiting liquefaction. Dense specimens (B) would first contract and then dilate until a high
strength was achieved, exhibiting no signs of liquefaction. Intermediate density specimens (C)
exceeded peak strength at low strains followed by a limited period of strain-softening behavior
until the phase transformation point was reached. At this point, the specimens demonstrated a shift
from contractive to dilative behavior and continued to gain strength. This behavior is called limited
liquefaction.

Figure 2-3. Liquefaction, Dilation, and Limited Liquefaction (after Kramer 1996)

Castro’s research demonstrated a relationship between void ratio and effective confining
pressure at large strains. This development was similar to the CVR line concept except it included
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the flow structure under stress-controlled conditions. The result of this research became the steady
state of deformation (Castro and Poulos, 1977; Poulos, 1981). This is defined as the state in which
soil flows continuously under constant shear stress and constant effective confining pressure at
constant volume and constant velocity. The steady-state line (SSL) is used to show the relationship
between void ratio and effective confining pressure. The SSL can be shown as a three-dimensional
curve and can also be expressed in terms of steady-state strength (Ssu). Similar to the CVR line,
the SSL can help identify a soil’s susceptibility to liquefaction and is plotted slightly below and
parallel to the CVR line. As shown in Figure 2-4, if a soil’s initial state plots above the SSL, it will
be susceptible to flow liquefaction only if the static shear stress exceeds its steady state (or residual)
strength. The SSL can graphically illustrate liquefaction potential in a soil. However, it shows the
limitations of characterizing liquefaction potential through density and void ratio. A particular soil
at some void ratio (and certain density) can be susceptible to liquefaction under high effective
confining pressure but non-susceptible at low effective confining pressures.

Figure 2-4. Illustration of liquefaction susceptibility using the Steady State Line (SSL) (after
Kramer 1996)

Roscoe and Pooroshasb (1963) suggested that the behavior of cohesionless soil should be
more closely related to the distance of its initial state to the steady-state line than to its density.
Therefore, soil states that are located at the same distance away from the SSL should behave
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similarly. To measure this sand behavior, Been and Jeffries (1985) developed the state parameter,
Ψ, which is defined as:
ψ = e - ess

(2-1)

where ess is the void ratio of the SSL at the effective confining pressure of interest. If the state
parameter is positive, the soil will show contractive behavior and may be susceptible to
liquefaction. On the other hand, when it is negative, dilative behavior occurs and the soil is not
susceptible to liquefaction.

Liquefaction Initiation
Liquefaction initiation or triggering depends on the state of the soil and the loading duration
and characteristics. While a particular soil may be susceptible, liquefaction may not occur
because the loading or initiating force is unable to “trigger” it. This section will discuss the
mechanics of the two aspects of liquefaction initiation: flow liquefaction and cyclic mobility.
However, for this thesis, the general term liquefaction describes both flow liquefaction and
cyclic mobility.

2.2.1 Flow Liquefaction
Flow liquefaction usually occurs suddenly and quickly, causing large deformations
(Kramer, 1996). Failures caused by flow liquefaction is usually initiated by cyclic loading and
occur less frequently but result in greater damage. When the shear stress required for static
equilibrium is greater than the shear strength of the soil when liquified, the soil becomes
unstable and results in flow failure.
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The effective stress conditions at the time of liquefaction initiation can be explained using
stress paths and a three-dimensional surface called the flow liquefaction surface (FLS). Figure
2-5 shows the behavior of five soil specimens, some plotted above or below the SSL and
demonstrates the FLS concept.

Figure 2-5. Flow Liquefaction Surface (after Kramer 1996)

Specimens A and B are plotted below the SSL which means they exhibit dilative behavior.
These specimen’s stress paths move toward the steady state point which results in no liquefaction.
Specimens C, D, and E are plotted above the SSL line which means they exhibit contractive
behavior. Instead of moving in the positive direction, their stress paths move backwards towards
the steady state point. This is caused by the development of excess pore pressures when loaded in
undrained conditions. As the stress paths approach the steady state point, the specimens reach a
peak strength as shown by the dotted line and ”x”. This line is the FLS and denotes where flow
liquefaction is initiated. It is important to note that the steady state point corresponds to the SSL.
Thus, the FLS does not extend below the steady state point as flow liquefaction does not occur in
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soils exhibiting dilative behaviors (or plotted below the SSL). In summary, the FLS describes the
conditions at which flow liquefaction is initiated (Kramer, 1996). Figure 2-6 shows that if the
initial state of the soil (static shear stress) is greater than the steady state point (or steady state
strength), the soil may experience flow liquefaction (shaded zone).

Figure 2-6. Zone of susceptibility for flow liquefaction (after Kramer 1996)

2.2.2 Cyclic Mobility
Cyclic mobility occurs more often, but its effects are generally less severe than flow
liquefaction. However, this kind of failure can occur in a broader range of soils. Opposite of flow
liquefaction, cyclic mobility occurs when the static shear stress is less than the steady state
strength. With each repeated cyclic loading in an earthquake, there is a gradual loss of strength as
the pore pressures increase. This causes the soil to liquefy and deformations develop incrementally.
Similar to Figure 2-6 showing the zone susceptible to flow liquefaction, Figure 2-7 shows the zone
susceptible to cyclic mobility.
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Figure 2-7. Zone of susceptibility for cyclic mobility (after Kramer 1996)

The initiation of cyclic mobility can happen in three different scenarios which are illustrated
in Figure 2-8. In the first case (a), the steady state strength is not exceeded, but as the soil gradually
loses strength, the stress path moves left until it reaches failure. The second case (b) is similar to
the first except the soil briefly exceeds the steady state strength and exhibits periodic instances of
flow liquefaction as it touches the FLS. In this scenario, larger and more permanent strains may
be seen. In the third case (c), the soil moves quickly to the left due to the rapid generation of pore
pressures during both compressional and extensional loading.

Figure 2-8. Three cases of cyclic mobility (after Kramer 1996)
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Evaluation of Liquefaction Initiation
If a soil is shown to be susceptible to liquefaction and has site conditions that may be
favorable for liquefaction initiation, the next step is to quantify the soil’s ability or inability to
resist liquefaction. Engineers have several methods and models that can be used to evaluate
initiation. As this topic is the focus of this study, the next few chapters will provide additional
background to better understand liquefaction triggering. The methods and models used to evaluate
liquefaction initiation potential will be discussed in a later chapter.

Liquefaction Effects
If the evaluation of liquefaction susceptibility and initiation shows potential for a soil to
liquefy, the potential effects must also be understood and evaluated. Knowing the effects of
liquefaction can help engineers better understand how liquefaction will affect their designs and
help them to improve at-risk infrastructure. This section will cover some effects of liquefaction.

2.4.1 Alteration of Ground Motions
When liquefaction occurs, the stiffness of a soil decreases because of excess pore pressures.
This change affects the amplitude and frequency of the ground motions and how they travel
through the soil. Liquified soils tend to amplify high period ground motions and allow low
frequency motions to reach the surface, reducing or increasing the level of damage.

2.4.2 Settlement
Sands have the tendency to densify when subject to shaking. Dry sands densify quickly
while the rate at which saturated sands densify is dependent on drainage and permeability.
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During and after an earthquake, subsurface densification of saturated soils happens as the pore
water dissipates resulting in settlement at the ground surface. Since soils beneath the ground
surface aren’t typically homogenous, this can cause uneven settlement called differential
settlement. Differential settlement can greatly damage pipelines, utility lines, and cause
uninhabitable damage to structures. The Leaning Tower of Pisa in Italy (Figure 2-9) is a famous
example of differential settlement.

Figure 2-9. The Leaning Tower of Pisa, Italy
2.4.3 Loss of Bearing Capacity
Liquefied soil exhibits decreased shear strength because of the decreased effective stress
caused by excess pore pressures. When the shear strength required to maintain static equilibrium
( τ st ) becomes larger than the actual shear strength of the soil ( τ soil ), soil will experience bearing
capacity failure. The soil will then “fail” or deform until it reaches equilibrium again. The level of
damage caused by bearing capacity failure can vary depending on the difference between τ st and
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τ soil . The greater the difference, the more deformations occurs before the soil reaches equilibrium

again. Figure 2-10 shows the damaging effects of bearing capacity failure of a building in Taiwan.

Figure 2-10. A hotel being supported after the 2018 Hualien, Taiwan earthquake
2.4.4 Flow Failures
As discussed in section 2.2.1, flow failures occur when the steady state strength is less than
the initial strength of the soil (static shear stress). These types of failure are considered one the
most dangerous effects of liquefaction as they occur suddenly and once initiated, soil strength
drastically decreases. The failures of the Fort Peck Dam (Figure 2-11) and Lower San Fernando
Dam (Figure 2-12) are the most well-known demonstrations of flow failure.
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Figure 2-11. Aerial view of the Fort Peck Dam failure in Montana.

Figure 2-12. Aerial view of the Lower San Fernando Dam failure
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2.4.5 Lateral Spread
As a result of cyclic mobility, lateral spread deformations occur incrementally and appear
segmented or buckled. This effect is caused by the movement of non-liquefied soil over a liquefied
layer and often occurs on gently sloping grounds or flat ground next to water (Figure 2-13). Lateral
spread is very damaging to infrastructures such as pipelines, bridges, foundations, etc.

Figure 2-13. Lateral Spreading at Port-au-Prince after the 2010 Haiti Earthquake
2.4.6 Other Effects
Other effects of liquefaction include sand boils and increased lateral earth pressures.
During and after an earthquake, the excess pore pressures begin to dissipate. In some cases, water
escapes by flowing to the surface carrying loose soil or debris.
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This flow is manifested at the ground surface in the form of small mounds of soil and water
(or a sand boil) (Figure 2-14).
In many cases, buildings or walls are designed considering active earth pressures.
However, when liquefied, soil no longer can be considered as active pressure and may add
considerable lateral loads to existing structures.

Figure 2-14. Example of a Sand Boil
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3

CHARACTERIZATION OF SEISMIC LOADING

An important aspect for evaluating liquefaction initiation is understanding the seismic
loading imparted to the soil. While it may be helpful to understand the geologic background and
mechanics of earthquakes, these concepts will not be discussed here. Instead, this chapter will
focus on the way seismic loading is characterized and quantified.

Earthquakes
Before the use of instrumentation to gauge the “size” of an earthquake, earthquakes were
characterized by their intensity through subjective observations and experiences of those who
felt the shaking. The intensity of an earthquake was also described using descriptions of the
damage and effects. In attempts to quantify intensity, several methods were developed that used
a scale of 1 to 10 to identify the level of shaking. Methods such as the Rossi-Forel (RF) and
modified Mercalli intensity (MMI) scales (Figure 3-1) gave descriptions of what reaction or
observation should be expected of at each level of intensity.
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Figure 3-1. Modified Mercalli Intensity (MMI) scale (United States Geological Survey (USGS))

With the development of instrumentation that measure ground motion, earthquakes were
able to be objectively and quantitatively measured using magnitude. Some of the most common
methods of measuring magnitude are the Richter Local Magnitude ( M L ), Surface Wave
Magnitude ( M s ), Body Wave magnitude ( M b ), and Moment Magnitude ( M w ).
The Richter Local Magnitude or the “Richter Scale” was developed in 1935 by Charles
Richter. While this is the most commonly recognized scale, there are some limitations to this
method. The Richter Scale was created based only on southern California earthquakes and the
values have shown to saturate at M L = 6.5-7.0. The Surface Wave Magnitude and Body Wave
Magnitudes are used to quantify magnitudes for particular types of waves. The Moment
Magnitude is the most commonly used scale and is often mistaken for the Richter Scale. The

M w is based on the seismic moment or the “work” done by the earthquake. Through the use of
different equations, the amount of energy released from an earthquake can be estimated.
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Ground Motion Parameters
Seismographs and accelerometers are placed throughout the world to helps measure
earthquake ground motions. Through our understanding of signal processing, these waves are
broken down and used to create time history plots which tell us about the displacement, velocity,
and acceleration over time. The Ground Motion Parameters (GMPs) used to characterize an
earthquake are obtained from these plots. The three groups of ground motion parameters are
amplitude, frequency content, and duration (Kramer, 1996).
Amplitude Parameters describe the peak or maximum values in a given time history and
relate to how big the ground motions are. Some amplitude parameters include Peak (Ground)
Acceleration (PGA or Amax), Peak (Ground) Velocity (PGV or Vmax), and Peak (Ground)
Displacement (PGD). Although knowing the maximum or peak values can be helpful, ground
motion characterization should not depend only on Amplitude Parameters. In
Figure 3-2, time histories “A” and “B” have similar max amplitudes. However, by looking
at the rest of the time history, “B” has a higher frequency (or more “spikes” in the plot) and thus,
more energy. This example demonstrates the importance to consider other GMP’s in
characterizing ground motions.

Figure 3-2. Comparison of similar peak acceleration time histories (after Kramer, 1996)
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Frequency content parameters describe how the amplitude of the ground motion is
distributed among various frequencies. The most common frequency content parameters are
expressed using a Fourier spectrum and a response spectrum. A Fourier spectrum plots the
amplitude that correlates to a given frequency and can be used to determine if ground motions
exhibit a similar frequency to a structure’s natural frequency. If the two frequencies match, a
structure will begin to resonate, causing greater damage. Therefore, engineers can use this
information in their structural designs. A response spectrum shows the structural response of a
single-degree-of-freedom system by plotting the maximum response as a function of frequency
or period for a specified level of damping.
As discussed in previous sections, properties of a soil can change after repeated loading
such as the increase of excess pore pressures, loss of stiffness or strength, or the movement of
stress paths to the failure surface. Therefore, the duration parameter is an important aspect to
consider. The longer the duration of ground motions, the more energy is released or more
changes in the soil take place.
Relying on a single GMP only gives a partial understanding of ground motion. Parameters
such as the Arias Intensity ( I a ) and Cumulative Absolute Value (CAV) consider all three
components of a ground motion (amplitude, frequency, duration) by integrating the acceleration
time history with respect to time. However, many liquefaction methods use amax and M w in their
procedures and will be used in the simplified performance-based method.

Predicting Ground Motions
There are several correlations and relationships that engineers can use to predict ground
motions of future earthquakes. These methods are called attenuation relationships or ground
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motion prediction equations (GMPE) and are based on data collected from previous earthquakes.
An ideal situation would be to have relationships for designated geographic locations. However,
in areas of low seismicity, ground motion data may be limited while high seismicity areas may
have more collected data. Therefore, all the data combined from geographically different
locations and relationships are derived from this merged data. Because the data are combined,
an ergodic assumption is made which assumes that the ground motions from different geographic
locations are similar despite location. It is important to realize these relationships provide a
prediction or estimate of ground motions and should only be used for situations/conditions that
are well-represented by the data.
Attenuation relationships and GMPE’s are updated and adjusted as new earthquakes occur
and new data are collected. Due to the influence of different factors on ground motions, modern
attenuation relationships consider factors such as: fault type, fault geometry, hanging/foot wall,
site response, basin effects, main shock, and aftershock effects.
A common set of relationships used for crustal faults in the Western United States and
other moderate to high seismicity areas is the Next Generation Attenuation Relationships (NGA).
The NGA was created by 5 separate research teams who were asked to create relationships based
on the same set of recorded ground motions (Abrahamson and Silva, 2008; Boore and Atkinson,
2008; Chiou and Youngs, 2009; Campbell and Bozorgnia, 2008; and Idriss, 2008). Other
relationships exist for different conditions, such as areas with subduction zone sources (Yougs
et al, 1997; Atkinson and Boore, 2003; and Zhao et al., 2006). In 2014, the NGA East database
developed new ground motions characterizations for the Central and Eastern North-American
(CENA) region (Goulet, 2014). The United States Geological Survey (USGS) also provides
recommendations for seismic source representation.
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4

SEISMIC HAZARD ANALYSIS

A seismic hazard analysis is a quantitative process that estimates ground motions at a site.
After identifying seismic sources and characterizing ground motions, these analyses can be
completed using a deterministic, probabilistic, or pseudo-probabilistic approach which will be
discussed further in this section.

Deterministic Seismic Hazard Analysis
The Deterministic Seismic Hazard Analysis (DSHA) is a straightforward and commonly
used procedure. A main distinction of the DSHA is the selection of a single earthquake scenario
and corresponding GMP’s. The DSHA process is illustrated in Figure 4-1 and can be described in
four steps (Reiter, 1990):
Step 1. Identify and characterize all earthquake sources capable of producing significant
ground motions at the site.
Step 2. Select a source-to-site distance for each source. Typically, the shortest distance
between a seismic source and the site is chosen.
Step 3. Select the “controlling earthquake”. Of all the earthquakes identified in Step 1, the
one that is expected to produce the strongest level of shaking is chosen and is assumed to occur at
the distance specified in Step 2.
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Step 4. Define the hazard at the site. The hazard is usually described using ground motion
parameters (Chapter 3) corresponding to the “controlling earthquake” and can be obtained from
predictive relationships.

Figure 4-1. Steps of Deterministic Seismic Hazard Analysis

The result of the DSHA is a single value, such as factor of safety, that is associated with a
single return period. While the DSHA provides a simple procedure, the selection of a seismic
source and corresponding GMPs is subjective. The DSHA is not able to account for uncertainties
that come with such a complex phenomenon and only deals with the possibility (not the likelihood)
of the chosen seismic source being the actual expected earthquake. Earthquakes can be
unpredictable so while engineers pick the “worst” scenario earthquake, that earthquake may never
occur. That earthquake is possible but may not be likely to happen. We want to estimate the
likelihood of an earthquake happening no matter how big or small. Despite its disadvantages, the
DSHA is still a valid form of analysis, but may be more conservative and its limitations should be
considered.
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Probabilistic Seismic Hazard Analysis
Unlike the DSHA, probabilistic seismic hazard analysis (PSHA) takes uncertainties into
account and uses probability to consider likelihoods. The PSHA follows a similar procedure as the
DSHA but differs in how GMPs are selected. The PSHA procedure is illustrated in Figure 4-2 and
follows these four steps (Reiter, 1990):
Step 1. Identify and characterize all earthquake sources. Unlike the DSHA, the
contributions from all sources are taken into consideration using a uniform probability distribution.
This implies that earthquakes are equally likely to occur at any point within the source zone. The
DSHA assumes that the probability of occurrence is 1 at points closest to the site and 0 everywhere
else.
Step 2. Characterize seismicity or temporal distribution of earthquake recurrence. Using
recurrence relationships, the average rate at which an earthquake of some size will be exceeded is
used to characterize source seismicity.
Step 3. Determine ground motion parameters. Rather than considering ground motions
from a single source, the PSHA considers all probable ground motions from return periods and all
possible seismic sources. The uncertainties within the predictive relationships are considered.
Step 4. Obtain the probability of the ground motion parameter exceedance. The spatial,
size, intensity, and temporal uncertainties are considered and combined to obtain the probability
that the ground motion parameter will be exceeded in a given time. The uncertainties will be briefly
discussed in the following sections.
Unlike the DSHA, the PSHA provides a range of results because several seismic sources
and return periods are considered in the analysis. The PSHA also performs seismic hazard analyses
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in a more objective manner and takes into account uncertainties. This methodology produces a
more complete and consistent result. However, it is important to understand the theory behind the
calculations and perform the probability computations correctly.

Figure 4-2. Steps of a probabilistic seismic hazard analysis
Pseudo-Probabilistic Seismic Hazard Analysis
The pseudo-probabilistic approach is a combination of the deterministic and probabilistic
analyses, thus the added “pseudo” prefix. This approach uses the probabilistic methodology
(section 4.2) of selecting ground motions, but evaluates seismic hazards in a deterministic
manner (section 4.1). The selection of ground motions can be done through the online USGS
Deaggregation Tool . Despite its simplicity and consideration of ground motion uncertainties,
the pseudo-probabilistic approach still overlooks uncertainties associated with liquefaction
triggering models.
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4.3.1 Earthquake Uncertainties
Unlike the DSHA, parametric and model uncertainties are also considered in the PSHA
These uncertainties can be defined as: 1) spatial, 2) size, 3) intensity, and 4) temporal.
Spatial uncertainty deals with the unknown of where the earthquake will be. Even though
the location of a fault may be known, an earthquake source may originate anywhere along the
fault. The earthquake source is divided into small segments or “bins” and the likelihood of each
segment contributing to ground motions is computed. Typically, a probability density function is
assumed to compute the probability of occurrence.
Size uncertainty uses recurrence laws to deal with uncertainties in earthquake size (i.e.,
ground motions). Recurrence laws consider the distribution of earthquake sizes in a given period
of time (Kramer, 1996). Two common terms used in recurrence laws are the annual rate of
exceedance, λ m , and the return period, Tr . The λ m describes the number of earthquakes that
exceed a specified magnitude that occurs each year on average. The Tr represents the number of
years on average before an earthquake larger than a specified magnitude occurs and is the inverse
of λ m ( λ m = 1 ).
Tr

Temporal uncertainty deals with when a given earthquake of a certain size will occur. Since
earthquakes do not typically occur consistently, assuming earthquake events as random
occurrences allows the use of probability models. Such a model is the Poisson model which is
commonly used to describe the temporal uncertainty of earthquakes. The Poisson model predicts
the probability of exceedance in a period of years, t, and is expressed as:

P  N  1 = 1- e-λmt
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(4-1)

4.3.2 Hazard Curves
The PSHA uses a seismic hazard curve to plot its results. A seismic hazard curve is plotted
with the GMP of interest on the x-axis and the average annual exceedance rate ( λ y* ) on the yaxis. The following equation estimates points on the hazard curve:
Ns NM N R

λy* =  vi P Y > y* |m j ,rk  P M = m j P  R= rk 
i=1 j=1 k=1

(4-2)

where N s , N M , and N R are the number of increments considered for sources, magnitudes, and
distances, respectively; Y is the GMP of interest; y* is a given threshold GMP value; vi is the
average rate of threshold magnitude exceedance; P éëY < y* | m j ,rk ùû is the probability of the value of
Y exceeding y*; and

P éë M = m j ùû and P éë R = rk ùû

are the probabilities of the magnitude being equal

to m j value and the distance equal to rk . This equation considers all possible sources, magnitudes,
and distances and multiplies them by their corresponding probabilities. Then, all the possible
scenarios are summed together into a single λ y* value. For each value of y*, this process is
repeated until a complete hazard curve is created.
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5

EVALUATION OF LIQUEFACTION INITIATION POTENTIAL

After characterizing the seismic loading, the liquefaction initiation potential of a site must
be quantified and evaluated. This chapter will introduce some common methods and models. Since
the focus of this thesis is on CPT methods, only the CPT-based liquefaction initiation models will
be discussed.
Liquefaction potential is most commonly expressed in terms of capacity and demand by
using a factor of safety against liquefaction triggering, FS L . The factor of safety is comprised of
two parts: the cyclic resistance ratio (CRR) and the cyclic stress ratio (CSR). The CRR represents
the soil’s ability (or capacity) to resist seismic loading and the CSR represents the seismic loading
(or demand) placed on the soil. Thus, the FS L is expressed as:
FS L =

Capacity CRR
=
Demand CSR

(5-1)

If the seismic loading (demand) exceeds the resistance (capacity) of the soil, the FS L
becomes less than 1.0, which means that liquefaction may occur.
The most commonly used method to compute CSR is the “simplified method” developed
by Seed and Idriss (1971). One component of the CSR equation is the cyclic stress, τcyc , at a soil
layer of interest which is expressed as:
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τcyc = 0.65×

a max
×σv ×rd
g

(5-2)

where σ v is the vertical stress and rd is the stress reduction factor. By normalizing τcyc using
the effective vertical stress, σ 'v , CSR is computed as:

CSR =

τcyc
a σ
= 0.65 max 'v (rd )
'
g σv
σv

(5-3)

Unlike the CSR, the cyclic resistance ratio (CRR) is more difficult to determine. CRR is
most commonly characterized through laboratory tests and in-situ testing used in conjunction with
liquefaction initiation models. For many years, laboratory tests provided a general understanding
of soil behaviors. However, laboratory tests are unable to replicate complex in-situ soil conditions
since a soil’s liquefaction resistance is influenced by many factors such as density, stress
conditions, how the soil was deposited, consolidation, etc. It is also difficult to obtain an
undisturbed sample for laboratory testing. Therefore, CRR or liquefaction resistance, is often
characterized using in-situ testing (Cone Penetration Test (CPT), Standard Penetration Test (SPT),
Shear Wave Velocity, Dilatometer, etc). Using the CPT, a soil’s stiffness or resistance is
represented as a function of corrected normalized equivalent clean sand penetration, qc1N,cs . The
higher qc1N,cs , the stiffer the soil, which results in a greater CRR and FS L . The deterministic and
probablisitic procedures for the Robertson and Wride (2009) and Boulanger and Idriss (2014)
models will be briefly summarized in the following sections.

5.1.1 Robertson and Wride (2009) Deterministic Procedure
The Robertson and Wride (2009) deterministic model uses an altered version of the CSR
equation shown in Equation (5-3). The equation was adjusted to an equivalent CSR for reference
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values of M = 7.5 and an effective overburden stress of σ 'vo = 1 atm. The resulting CSRM=7.5,σ

'
vo =1

is then computed as:

CSR M=7.5,σ'

vo =1

= 0.65

a max σ vo
1 1
rd
'
g σ vo MSF K σ

(5-4)

where rd is the depth dependent shear stress reduction factor, K σ is the overburden correction
factor, and MSF is the magnitude scaling factor. There are several methods to compute these
factors, however, Robertson and Wride computes rd using recommendations from Seed and Idriss
(1971) and Liao and Whitman (1986). Thus, rd is computed as:
rd = 

for z  9.15m 
 1.0 - 0.00765z
1.174 - 0.0267z

for < z23m


 0.744 - 0.008z for 23m < z  30m 


0.5
for z > 30m 


(5-5)

where z is the depth of interest in meters. To calculate the MSF, Robertson and Wride uses the
equation suggested by Youd et al. (2001):

MSF =

102.24
M w2.56

(5-6)

where M w is the moment magnitude of the seismic loading. Finally, K σ is calculated using
Youd, Idriss et al. (2001) as:
 σ' 
K σ =  vo 
 Pa 

(f -1)

where σ 'vo is the effective overburden pressure, Pa is the atmospheric pressure, and f is an
exponent that is a function of site conditions.
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(5-7)

The Robertson and Wride deterministic method uses an iterative approach to compute the
cyclic resistance ratio (CRR). From any given CPT data, the cone tip resistance ( qc ), sleeve friction
( f s ), and pore pressure ( u ) with depth are known and used to calculate the corrected normalized
equivalent clean sand CPT penetration resistance, Qtncs (or q c1Ncs ). The following steps outline the
iterative process to compute CRR:
Step 1. To begin the iterative process, an initial stress exponent, n, is assumed. When
repeating Step 1 later in the iterative process, n can be directly calculated as:
 σ' 
n = 0.381 I c  +0.05  vo  - 0.15
 Pa 

(5-8)

Step 2. Using n calculated in Step 1 (or using the initial assumed n if starting the process
for the first time), the overburden stress correction factor, C N is calculated as:
n

P 
CN =  a  < 2.0
 σ vo 

(5-9)

Step 3. Next the soil behavior index, I c , is calculated by using Equations (5-10), (5-11),
and (5-12). The soil behavior index is used to classify soil using information obtained from the CPT
( I c , f s , and qc ). Robertson (1990) developed the chart in Figure 5-1 to determine soil behavior
type. I c is computed as:




 
2



2

Ic =  3.47 - log Qtn  + log  Fr  +1.22 


where
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0.5

(5-10)

q - σ  
Qtn =  t vo   CN
 Pa 

(5-11)

fs
×100
 qt - σvo 

(5-12)

and
Fr =

Figure 5-1. Normalized CPT soil behaviour type chart, as proposed by Robertson (1990). Soil
types: 1, sensitive, fine grained; 2, peats; 3, silty clay to clay; 4, clayey silt to silty clay; 5, silty
sand to sandy silt; 6, clean sand to silty sand; 7, gravelly sand to dense sand; 8, very stiff sand to
clayey sand (heavily overconsolidated or cemented); 9, very stiff, fine grained
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Step 4. After I c is calculated, return to Equation (5-8) and re-calculate n.
Step 5. Repeat Steps 1-4 until the change in n is less than or equal to 0.01 ( Δn  0.01 ).
Step 6. Once Δn  0.01 , use the most recently calculated values of Qtn , Fr , and I c to
compute the K c as:
1.0

if I c  1.64 


3
4
2


K c = 5.581 I c  - 0.4031 I c  - 21.63  I c  + 33.75  I c  - 17.88 if 1.64 < I c  2.50 

16.76
if 2.50  I c < 2.70 
6×10 -7  I c 





Step 7. Once K c is calculated, Qtncs (or q

c1Ncs

(5-13)

) is computed as:

Qtncs = K c  Qtn

(5-14)

Step 8. Finally, CRR can be calculated. Depending on the value of Qtncs and I c , CRR is
computed as:
3
ì
ïï 93×é Qtncs ù + 0.08
ú
ê
CRR7.5 = í
ë 1000 û
ï
0.053×Qtn
ïî

ü
for I c < 2.70 or 50 £ Qtncs £ 160 ïï
ý
ï
for I c ³ 2.70
ïþ

(5-15)

Note that when I c is greater than or equal to 2.70, K c is not used so Qtncs becomes Qtn .
Once CRR and CSR are computed, the FS L can be calculated. CRR can also be represented as the
boundary between ‘liquefaction’ and ‘no liquefaction’ case histories (Figure 5-2), known as a
liquefaction triggering curve.
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Figure 5-2. Robertson and Wride (2009) Liquefaction Triggering Curve
5.1.2 Boulanger and Idriss (2014) Deterministic Procedure
The Boulanger and Idriss (2014) procedure follows a similar framework to the Robertson
and Wride method with some slight differences. The Boulanger and Idriss (2014) method also
computes CSR using Equation (5-3). However, the MSF, K σ , and rd are computed differently.
For the Boulanger and Idriss (2014) method, the MSF is computed as:

 M
MSF = 1+  MSFmax - 1  8.64× exp   4




 - 1.325 



(5-16)

3

q

MSFmax = 1.09 +  c1Ncs   2.2
 180 

(5-17)

where M is the moment magnitude and qc1Ncs is the corrected cone tip resistance calculated using
the Boulanger and Idriss (2014) method. K σ is computed as:

37

 σ' 
Kσ = 1- Cσ ln  v   1.1
 Pa 

(5-18)

where Cs is expressed as:
Cσ =

1
37.3 - 8.27  qc1Ncs 

0.264

 0.3

(5-19)

where σ 'v is the vertical effective stress, Pa is the reference atmospheric pressure equal to 1
atm, and qc1Ncs is the Boulanger and Idriss (2014) corrected cone tip resistance. Lastly, rd is
calculated as:

rd = exp α(z)+ β(z) × M

(5-20)

 z

α(z)= -1.012 -1.126sin 
+ 5.133 
 11.73


(5-21)

 z

β(z)= 0.106 + 0.118sin 
+ 5.142 
 11.28


(5-22)

where z is the depth below the ground surface in meters, M is the moment magnitude, and the
arguments within the trigonometric functions are in radians.
Similar to the Robertson and Wride procedure, the Boulanger and Idriss method
implements an iterative process to compute qc1ncs which is then used to compute the CRR.
Step 1. Calculate the exponent m. To start the iterative process, select a starting value for

qc1Ncs . (It is recommended limiting qc1Ncs values to between 21 and 254 when computing m.)
m =1.338 - 0.249  qc1Ncs 

0.264
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(5-23)

Step 2. Compute the overburden correction factor, C N , and correcting the overburden
pressure, qc1N , as:
m

P 
CN =  a'   1.7
 σv 

qc1N = C N

qc
Pa

(5-24)

(5-25)

where qc is the CPT cone tip resistance, Pa is the atmospheric pressure, and σ 'v is the vertical
effective stress.
Step 3. Compute qc1Ncs as:
qc1Ncs = qc1N + Δqc1N

(5-26)

where Δqc1N is the fines content adjustment factor and is calculated as:
2

q 
9.7  15.7  

Δqc1N = 11.9 + c1N  exp 1.63 -
 

14.6 
FC + 2  FC + 2  



(5-27)

where FC is the fines percentage in the soil and is suggested to be calculated as:
FC = 80  I c + CFC  -137
0%  FC  100%

(5-28)

where I c is soil behavior type index computed using the Robertson and Wride procedure, and C FC
is a fitting parameter that can be adjusted based on site-specific data when available. Steps 1
through 3 are repeated until the change in qc1Ncs is less than 0.5 ( qc1Ncs < 0.5).
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The Robertson and Wride (1998) correlations for FC and I c may also be used to compute
Δqc1N , but should be used with caution because of large scatter in the data. Figure 5-3 shows the

Boulanger and Idriss recommended relationship between FC, I c , and C FC .

Figure 5-3. Recommended correlation between Ic and FC with plus or minus one standard
deviation against the dataset by Suzuki et al. (1998) with the liquefaction database (after
Boulanger and Idriss, 2014)

Step 4. After qc1Ncs is calculated, the Boulanger and Idriss CRR is calculated as:
CRRM=7.5,s'

vo =1atm

 qc1Ncs  qc1Ncs 2  qc1Ncs 3  qc1Ncs 4

= exp 
+
-
+
- 2.80 



 113  1000   140   137 




(5-29)

Once CRR and CSR are computed, the FS L can be calculated. The CRR line or liquefaction
triggering curve from Boulanger and Idriss (2014) is shown in Figure 5-4.
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Figure 5-4. Deterministic CRR and Liquefaction Triggering Curve including 2014 and 2008
database (after Boulanger and Idriss, 2014)

5.1.3 Ku et al. (2012) Probabilistic Procedure [Probabilistic Version of Robertson and
Wride (2009)]
Because of the popularity of the Robertson and Wride CPT-based procedure for evaluating
liquefaction triggering potential, Ku, Jang, Chang, and Ching developed a probabilistic version of
the Robertson and Wride deterministic procedure. Ku et al. (2012) correlated the commonly used
factor of safety against liquefaction, FSL, to the probability of liquefaction, PL. The probability of
liquefaction, PL, is expressed as:

 0.102 + ln(FSL ) 
PL =1- Φ 

0.276


where Φ is the standard normal cumulative distribution function.
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(5-30)

5.1.4 Probabilistic Boulanger and Idriss (2014) Procedure
Boulanger and Idriss (2014) also developed a probabilistic procedure for their deterministic
liquefaction triggering model. Unlike the Ku et al. (20120 probabilistic procedure, the Boulanger
and Idriss (2014) probability of liquefaction, PL, equation is a function of CSR and qc1Ncs . This is
expressed as:
 qc1Ncs  qc1Ncs 2  qc1Ncs 3  qc1Ncs 4

+
-
+
- 2.60 - ln(CSRM =7.5,σ' =1atm ) 




v
113  1000   140   137 

PL = Φ 

σln(R)





(5-31)

where Φ is the standard normal cumulative distribution function, qc1Ncs is the clean sand corrected
CPT resistance, CSRM =7.5,s

'
v =1atm

is the corrected CSR value for a standardized magnitude and

overburden pressure, and σln(R) is the computed model uncertainty for the relationship. When
uncertainty is considered, Boulanger and Idriss suggests that σln(R) = 0.2
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6

PERFORMANCE-BASED EARTHQUAKE ENGINEERING

Through the years, engineers have strived to design structures to be more resistant
against earthquake damage. In order to do so, building codes have been developed to provide
guidance for safe design practices. However, these practices have shifted the focus away from
the performance of the structure and the stakeholder’s needs to meeting the criteria and precise
design methods. In an effort to help refocus seismic design, the Pacific Earthquake Engineering
Research (PEER) Center developed a new approach, known as performance-based earthquake
engineering (PBEE). This approach aims to meet the needs of the stakeholders (i.e., owners
of structures, the public, government, etc) and help them to better understand risks in order to
make an informed decision. Rather than represent earthquake risk using a factor of safety, the
PBEE framework presents risks and information in a way that is more meaningful and valuable
to the stakeholders (i.e., economic loss, casualties, downtimes,etc.) Figure 6-1 illustrates
different ways the PBEE framework can describe the seismic performance of a structure.
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Figure 6-1. Visual Representation of Performance-Basd Earthquake Engineering
(after Moehle and Dierlein, 2004)
PBEE Framework
The PEER has developed the following parameters for the PBEE framework:


Intensity Measure (IM): defines or characterizes the ground motion (i.e. amax)



Engineering Demand Parameters (EDP): describes the effect of the Intensity
Measure on the structure/system (i.e., factor of safety, excess pore pressures)



Damage Measures (DM): describes the physical effects or damages (i.e., damage
to structural elements, falling hazards, settlement)



Decision Variables (DV): describes the risk associated with the DM in a useful way
for decision-makers (i.e., repair costs, downtime, economic loss, casualties)
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By considering the parameters previously described, the PBEE framework quantifies the
mean annual rate of exceedance of the decision variables (DV). These values are analyzed using
the total probability theorem through the use of the following equation:
(6-1)

N DM N EDP N IM

λ= 

  P  DV > dv | DM = dm ×
k

k=1 j=1 i=1

P  DM = dmk | EDP = edp j  P  EDP = edp j | IM = imi  Δλimi

where P[a | b] is the conditional probability of “a” given “b”, N DM , N EDP, and N IM equals the
number of increments of DM, EDP, and IM, respectively, and Δλim is the incremental mean
i

annual rate of exceedance for IM. Since the PBEE framework also uses the total probability
theorem, this equation looks similar to the one used in a PSHA.

Hazard Curves for DV
As discussed in section 4.2, hazard curves plot the mean annual rate of exceedance of some
parameter and are created considering many different possible earthquake scenarios. Using
Equation (6-1), hazard curves can be developed for any parameter in the PBEE framework (IM,
EDP, DM, and DV) and provide helpful information such as economic loss or casualties. An
example hazard curve is shown in Figure 6-2. For any rate of exceedance, a stakeholder can
easily identify the level of loss in terms that are most meaningful to them (i.e. lives, dollars,
time). Since a hazard curve considers different scenarios rather than a single hypothetical
scenario, stakeholders can have more confidence in their decisions.
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Figure 6-2. Example Hazard Curve with Economic Loss as the DV (Ulmer, 2015)
Performance-Based Liquefaction Initiation
As previously discussed, deterministic approaches to liquefaction initiation assessment fail
to account for uncertainties or probabilities related to seismic hazards. Fortunately, performancebased approaches are able to mitigate these issues by applying PBEE principles. This section
will describe the implementation of the PBEE framework in liquefaction initiation models.
In a liquefaction initiation assessment, liquefaction parameters such as FSL, qreq, PL, and
CSR are considered EDPs. However, in order to implement these liquefaction parameters in the
PBEE approach, some equations need to be modified. One modification is to change the PBEE
equation to solve for a probability of non-exceedance rather than a probability of exceedance
(Arndt, 2017). In the case of FSL, a higher value is much more favorable than a lower value.
Therefore, the engineer would be more interested to know when the FSL does not exceed a certain
value of FSL. This new equation to compute the rate of non-exceedance for FSL is:
N IM

ΛFS* =  P  FSL < FS*L | IM i ΔλIMi
L

i=1
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(6-2)

However, since FSL is dependent on two parameters, PGA and Mw, a single IM is not
sufficient. Therefore, Kramer and Mayfield (2007) replaced IM in equation (6-2) with amax and
Mw. This modified equation is as follows:
N M w N amax

ΛFS* = 
L

 P  FS

j=1 i=1

L

< FS *L | amax,i ,m j  Δλamax,i ,m j

(6-3)

where N M and N a are the number of increments for amax and Mw; and Δλamax,i ,m j is the incremental
max

mean annual rate of exceedance for amax and Mw . The probabilistic component of this equation is
represented through the use of two summations because all possible combinations of amax and Mw
are considered.
Kramer and Mayfield also developed a relationship between PBEE principles and in-situ
soil resistance defined as:

ΔN L = N site - N req

(6-4)

where N site is the corrected in-situ SPT resistance and N req is the corrected SPT resistance required
to resist liquefaction or a resistance that is equivalent to FSL = 1. Since this thesis is focused on
CPT-based analyses, equations can be adapted for CPT cone-tip resistance, q (Arndt, 2017). Thus,
equation (6-4) can be altered to be:

ΔqL = qsite - qreq

(6-5)

where qsite is the corrected in-situ CPT cone-tip resistance and qreq is the corrected CPT cone-tip
resistance required to resist liquefaction or a resistance that is equivalent to FSL = 1. ΔqL allows
the engineer to determine how much ground improvement is needed in order to resist liquefaction.
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When ΔqL is negative, this means the resistance required to resist liquefaction triggering is greater
than the actual resistance at the site of interest and is equivalent to a FSL less than 1. When ΔqL is
positive, this means the actual resistance at the site of interest exceeds the required resistance to
resist liquefaction triggering and is equivalent to a FSL greater than 1. This relationship between
FSL and ΔqL is shown in Figure 6-3 with the CPT-based equivalent is shown in parenthesis.

Figure 6-3. Relationship between FSL and ΔN L (after Kramer and Mayfield, 2007)
According to Arndt (2017), the mean annual rate of exceedance of an incremental value of
*
(also known as qsite) at a depth of interest in terms of the CPT, is expressed as:
qreq

N M w N amax

Λq* = 
req

 P q

j=1 i=1

req

< qsite | amax,i ,m j  Δλamax,i ,m j

(6-6)

where P éë qreq > qsite | amax ,m j ùû = PL (probability of liquefaction). Since FSL and ΔqL are closely
related, Kramer and Mayfield developed a relationship between the two parameters. When using
CPT data, this relationship is given as:
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(6-7)
where qsite is the measured corrected clean-sand equivalent CPT cone-tip resistance of the site, and
site
is the computed corrected clean-sand equivalent CPT cone-tip resistance required to resist
qreq

liquefaction triggering. As shown in equation (6-7), CRR can also be expressed as a function of

qsite because CRR is associated with the soil’s ability at the site to resist liquefaction which is
site
quantified using the soil’s cone-tip resistance ( qsite ). Similarly, CSR is equal to CRR( qreq
) because

the seismic loading or demand on a soil (CSR) can also be characterized in terms of the required
site
cone-tip resistance ( qreq
) for a soil to resist liquefaction (i.e. FSL =1.0 or PL = 50%). Using equation

(6-7), the qreq hazard curve can be converted to FSL. In the following sections, the application of
these equations in the Ku et al. (2012) and Boulanger and Idriss (2014) probabilistic liquefaction
triggering models will be briefly summarized.

Incorporation of Ku et al. (2012) Model in PBEE
The Ku et al. (2012) triggering model is the probabilistic version of the Robertson and
Wride (2008) deterministic model. To apply the Ku et al. (2012) method in the PBEE framework,
the probabilistic relationship needs to be modified to be in terms of amax and mj. Thus, the
probability of liquefaction, PL is expressed as:

 CRR  
 0.102 + ln  CSR  


PL = 1 - Φ 
σ tot
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(6-8)

*
where CSR is in terms of amax and mj, CRR is in terms of qc1Ncs
, and σ tot is a standard deviation

term that accounts for uncertainty.
In the Ku et al. model, there are two types of uncertainty: (1) Total Uncertainty which considers
parameter and model uncertainty and (2) Model Uncertainty. The first case considers uncertainty
in parameters (i.e. CSR, CRR, qreq) along with model uncertainties and is typical equal to 0.3537.
The second case only considers uncertainty in the liquefaction model and is equal to 0.276 (Arndt,
2017). During the implementation of the Ku et al. (2012) model in the performance-based tool,
CPTLiquefY, Arndt (2017) observed limitations of the model caused by the CRR equation from
the deterministic Robertson and Wride (1998) procedure. For values of qc1Ncs between 1 to
approximately 165, Equation (6-8) produced reasonable predictions of the probability of
liquefaction. However, for values of qc1Ncs above this range, the calculated probability of
liquefaction was observed to be considerably conservative (Arndt, 2017). This is because the CRR
equations developed by Robertson and Wride (1998) were only created for case history data up to
approximately qc1Ncs = 165. To resolve this issue, the CRR equation developed by Boulanger and
Idriss (2014) was chosen to represent cyclic resistance for qc1Ncs values greater than 165 in this
study. This modification is illustrated in Figure 6-4 where the solid line represents the combined
Ku et al. and Boulanger and Idriss CRR curve and the dotted line represents the original Ku et al.
CRR curve. We also implemented this solution in the simplified performance-based procedure.
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Figure 6-4. Comparison of Ku et al. (2012) and Boulanger and Idriss (2014) CRR values
Incorporation of Boulanger and Idriss (2014) Model in PBEE
There are only minor modifications needed in order to apply the Boulanger and Idriss
(2014) probabilistic model to the PBEE framework. Within the probability of liquefaction, PL,
*
, that covers all possible values of qreq. With this
qc1Ncs is replaced with an incremental value, qc1Ncs

modification, PL is computed as:

 PL i

2
3
4
 q*

 q*
  q*
  q*


  c1Ncs i +   c1Ncs i  -   c1Ncs i  +   c1Ncs i  - 2.60 - ln  CSR

M =7.5,σ'v =1atm i 

 113

 1000   140   137 

 
 


= Φ 

σε











(6-9)

where CSR is in terms of amax and mj, and σ ε is a standard deviation term that accounts for
uncertainty. The standard deviation values with total uncertainty (parameter uncertainty + model
uncertainty) is equal to 0.506 and with only model uncertainty is equal to 0.2 (Arndt, 2017).
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7

DERIVATION OF A NEW SIMPLIFIED PERFORMANCE-BASED
PROCEDURE

The performance-based liquefaction triggering procedures provide many benefits that
mitigate the deficiencies introduced by conventional liquefaction triggering approaches. Unlike
conventional approaches where seismic contributions are only considered at a given return period,
probabilistic performance-based approaches consider seismic contributions from all hazard levels
and all earthquake magnitudes (Kramer and Mayfield 2007). Unfortunately, this method of
analysis can be extremely complex and requires a solid understanding of PBEE principles. Several
tools have been created to implement the performance-based procedure (i.e. WSliq (Kramer 2008),
PBLiquefY (Franke et al. 2014c), and CPTLiquefY (Franke et al. 2018)). However, these tools
are not easily accessible to many professionals.
To solve this problem, Mayfield et al. (2012) introduced a simplified performancebased procedure that maintains the benefits of a full performance-based analysis while making
the procedure more user-friendly through the use of liquefaction parameter maps. Since the
introduction of the simplified procedure by Mayfield et al. (2010), several other models have been
developed for SPT data using the Boulanger and Idriss (2012) liquefaction triggering model
(Ulmer, 2015), lateral spread displacements (Ekstrom, 2015), and post-liquefaction settlement
(Error, 2017). However, there has not yet been a simplified performance-based procedure
developed for the CPT. The main goal of this thesis is to develop a simplified performance-based
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procedure for liquefaction triggering using the Boulanger and Idriss (2014) and the Ku et al. (2012)
(probabilistic version of Robertson and Wride (2009)) liquefaction triggering models. In order to
better understand the simplified procedure framework, the Mayfield et al. (2010) simplified
procedure will be briefly summarized. This chapter will also provide a detailed derivation of the
simplified performance-based method for evaluating liquefaction triggering using CPT data.

Mayfield et al. (2010) Simplified Triggering Model
Mayfield et al. (2010) introduced a simplified performance-based procedure using the SPT
measurements that incorporates the Cetin et al. (2004) probabilistic liquefaction triggering model.
Instead of characterizing seismic loading using CSR, the simplified procedure uses the SPT
resistance required to resist liquefaction initiation, Nreq. Using this approach, the difference is
computed between the actual SPT resistance in a soil layer, (N1 )60,cs or Nsite with Nreq. This
difference is expressed as:

ΔN L = N site - N req

(7-1)

A negative value of ΔN L suggests an insufficient amount of SPT resistance in the soil to resist
liquefaction triggering.
The simplified performance-based procedure uses contoured liquefaction parameter maps,
which present values of Nreq computed for a reference soil profile computed using the full
ref
performance-based procedure across an area at a given return period, denoted as N req
. The

reference profile used by Mayfield et al. (2010) is presented in Figure 7-1. Figure 7-2 shows an
example liquefaction reference parameter map.
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Figure 7-1. Reference Soil Layer used by Mayfield et al. (2010) Simplified Procedure
(Mayfield 2010)

ref
Figure 7-2. Contours of N req
for Washington State: (a) 475- Year Return period; (b) 2475-Year
Return Period (Mayfield et al., 2010)
site
For the simplified procedure, Mayfield et al. (2010) relates the site specific value, N req
, to
ref
the mapped reference value, N req
, by using a site-specific correction factor, ΔNreq . This

relationship is expressed as:
site
ref
N req
= N req
+ ΔN req
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(7-2)

To solve for the terms in Equation (7-2), the Mayfield et al. (2010) procedure used the
following equations:


σref
σ'ref
ref
v0
Nref
r ref + 29.06ln(M w ) + 3.82ln v0 -15.25 - 4.21Φ-1 (PL )
req = 13.79ln 0.65Fa a max,rock
'ref d 
σ v0
Pa



σsite
σ'site
site
site 
v0
v0
Nsite
=
13.79ln
0.65F
a
r
+
29.06ln(M
)
+
3.82ln
-15.25 - 4.21Φ-1 (PL )

req
a
max,rock
w
'site d 
σ
P
v0
a


'site
 σsite

σ'site
Fasite
rdsite
ref
v0 / σ v0
v0
ΔNreq = Nsite
N
=
13.79ln
+
3.82ln
+13.70ln
+13.79ln
 ref
req
req
'ref 
σ'ref
Faref
rdref
v0
 σ v0 / σ v0 

(7-3)

(7-4)
(7-5)

ref
The simplified procedure can be implemented by obtaining N req
from the liquefaction

parameter map and using equations (7-2) and (7-5). For a more detailed derivation, refer to the
Mayfield et al. (2010) paper.

Liquefaction Parameter Maps & Reference Profile
As previously discussed, liquefaction loading/parameter maps are an important part to the
simplified method as it provides the benefits of site-specific performance-based analysis while
being user-friendly. The purpose of this section is to give a brief introduction to what role these
maps play in the simplified method and briefly discuss the use of the reference profile. The creation
of these maps will be presented later. Figure 7-3 presents a generic soil profile representing a
reference site we used in this study. This profile is similar to the one originally introduced by
Mayfield et al. (2010) and used for the simplified Cetin et al. (2004) procedure and simplified
Boulanger and Idriss (2012) procedure derived by Ulmer (2015). We used CPTLiquefY to perform
the performance-based calculations over a geographic area (using the reference soil profile) in
order to create the map contours. From the liquefaction parameters maps, users can easily interpret
reference values that are used in the simplified method calculations. For the simplified Boulanger
and Idriss (2014) and simplified Ku et al (2012) triggering procedures, reference values for q req
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and CSR (%) will be mapped, respectively. Because the values associated with the reference soil
profile do not represent any actual soil profile, reference values are distinguished in this thesis by
ref
adding “ref” to the parameters (i.e., qreq
and CSR ref ). Because CSR is often expressed as a decimal,

mapping this value in percent allows for more precise contour mapping, as well as easier
interpretation and interpolation for design engineers. The derived simplified procedure will use the
reference values obtained from the contour maps and correct them for site-specific conditions
using the derivations and equations presented in the next sections. The result is a site-specific
performance-based estimate of liquefaction triggering. Detailed steps on how these values are used
in the simplified methods will be discussed in later sections.

Figure 7-3. Reference soil profile used in this study to develop the liquefaction parameter maps
Simplified Procedure Using the Boulanger and Idriss (2014) Probabilisitic
Liquefaction Triggering Model
According to the probabilistic liquefaction triggering relationship developed by Boulanger
and Idriss (2012), the probability of liquefaction PL is given as:

 ln(CRRPL =50% )- ln(CSR) 
PL = Φ 
σT



(7-6)

where Ф represents the standard normal cumulative distribution function,  T is the total
uncertainty of the liquefaction model, and CRRP 50% is the cyclic resistance ratio corresponding
L
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to a probability of liquefaction of 50% (i.e. median CRR), which the Boulanger and Idriss (2014)
model computes as:
2
3
4
q

q
 q
 q

CRRPL 50%  exp  c1Ncs   c1Ncs    c1Ncs    c1Ncs   2.60
 113  1000   140   137 


(7-7)

Unlike the Mayfield et al. (2010) simplified liquefaction procedure, the simplified uniform
hazard liquefaction procedure for the Boulanger and Idriss (2014) liquefaction model cannot be
site
derived to solve for qreq
in a convenient manner because of the 4th-order polynomial equation in

CRR (i.e. Equation(7-7)). Fortunately, this simplified procedure can be modified to incorporate
CRR and CSR instead of qreq, which greatly simplifies the derivation of the new procedure, and
makes it somewhat more intuitive.
ref
To do this, we substituted qreq
into Equation (7-7) to compute the median CSR associated

with the reference site (i.e. CSR ref ) at the targeted return period. CSR ref represents a uniform hazard
estimate of the seismic loading that must be overcome to prevent liquefaction triggering if the
reference soil profile existed at the site of interest. The following sections describe the site specific
corrections we derived for the simplified Boulanger and Idriss (2014) triggering procedure.

7.3.1 Site-Specific Correction for CSRref
Because CSRref is developed using the reference soil profile, it must be corrected for sitespecific soil conditions and depths to be used in computing site-specific uniform hazard values of
FSL, PL, and qreq. If CSRsite represents the site-specific uniform hazard value of CSR, then CSRref
and CSRsite can be related as:

ln(CSR site )  ln(CSRref )  CSR
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(7-8)

where ΔCSR is a site-specific correction factor. Equation (7-8) follows the simplified framework
set up by Mayfield et al. (2010) in equation (7-2). By rearranging Equation (7-8) we can solve for
ΔCSR as:

 CSR site 
CSR  ln(CSR site )  ln(CSR ref )  ln 
ref 
 CSR 

(7-9)

The magnitude and stress-corrected CSR for level or near-level ground according to
Boulanger and Idriss (2014) is computed as:
CSRM 7.5, '

v 1atm

 0.65

amax,i  v
 ( Fpga  PGArock )
1
1
1
1
rd
 0.65 'v
 rd  j
g  v
MSF
K
g
MSF
K


j 
v


(7-10)

where Fpga is the soil amplification factor corresponding to the peak ground acceleration (PGA),
and PGArock is the PGA corresponding to bedrock (i.e. Vs=760 m/s). Equations for rd, MSF, and
Kσ are provided in later sections of this report. Now, we substitute Equation (7-10) into Equation
(7-9) and is rewritten as:
site
site
site

  v   Fpga  PGArock
 0.65  '  

g

 v  
CSR  ln 
ref
ref
ref
 0.65   v   Fpga  PGArock
 '  

g
 v  


 site  1   1  
 site  
  rd  
site  
MSF


 K  


 ref  1   1  
r 

 d  MSF ref   K ref  
  


(7-11)

Because the reference values are obtained from a contour map of the same location as the
site of interest, there should be no difference in the ground motions between the reference soil
site
ref
profile and the actual soil profile, PGArock
. Therefore, we can simplify Equation (7-11)
 PGArock

to be:
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    site 
  'v  
site
 Fpga

 rdsite 
 Ksite 
 MSF site 
  v  
CSR  ln 
 ln  ref   ln  ref   ln 
  ln  ref 
ref 
F 
rd 
MSF ref 



pga

 K 



 v

 '  
 v  
 CSR  CSRFpga  CSRrd  CSRMSF  CSRK

(7-12)

where ΔCSRσ, ΔCSRFpga, ΔCSRrd, ΔCSRMSF, and ΔCSRKσ are site-specific correction factors for
stress, soil amplification, shear stress reduction, earthquake magnitude, and overburden pressure,
respectively. The following sections will describe each site-specific correction factor.

7.3.2 Vertical Stress, ΔCSRσ
Following the framework established in Equation (7-9), we can define the relationship for
the stress correction factor, ΔCSRσ as:
    site 
  'v  
 

CSR  ln   v  ref 
 v  
   'v  

(7-13)

If the liquefaction parameter map for CSRref (%) was developed using the reference soil profile
shown in Figure 7-3, then Equation (7-13) can be simplified as:
    site 
  'v  
 

CSR    v  
2.34
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(7-14)

7.3.3 Soil Amplification, ΔCSRFpga
The site-specific correction for the soil amplification factor, ΔCSRFpga is defined as:

CSRFpga

site
 Fpga

 ln  ref 
F 
 pga 

(7-15)

ref
If the value of Fpga
for the reference soil profile is fixed at 1, then the correction factor for

soil amplification can be written as:

CSRFpga

site
 Fpga

site
 ln 
 ln( Fpga
)
 1 



(7-16)

site
Thus, the only parameter required to calculate the soil amplification factor is the Fpga
value using

common soil amplification factors specified by ASCE (2013), IBC (2014), and AASHTO (2014)
site
summarized in Table 7-1. The PGA value used to determine Fpga
from the table should be

calculated from the USGS 2014 interactive deaggregation website for the return period of interest
(e.g., 2% probability of exceedance in 21 years, TR = 1039).
site
Table 7-1. Site Amplification Factors, Fpga

7.3.4 Shear Stress Reduction, ΔCSRrd
The shear stress reduction factor, rd, was defined by Boulanger and Idriss (2012, 2014) as:
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rd = exp[α + β× M w ]

(7-17)

 z

 5.133 
 11.73


(7-18)

 z

 5.142 
 11.28


(7-19)

  1.012  1.126sin 

  0.106  0.118sin 

where z represents sample depth in meters and Mw is the mean moment magnitude. Thus, the
equation for ΔCSRrd becomes:
 exp  site   site  M wsite  
 r site 

CSRrd  ln  dref   ln 
ref
ref
ref


r
exp




M


d


w



(7-20)

Because the site soil profile and the reference soil profile experience the same ground
motions, M wsite  M wref . Therefore, Equation (7-20) can be written as:

CSRrd   site   ref   M wsite  b site  bref



(7-21)

For the reference soil profile used in this study (Figure 7-3), αref = -0.3408 and βref = 0.0385.
Thus, if the reference profile is used, Equation (7-21) becomes:

CSRrd   a site  0.341  M wsite  b site  0.0385

(7-22)

Equation (7-22) can also be written in terms of depth to the site-specific soil layer (in
meters) from the ground surface, zsite as:

 zsite

ΔCSR rd =  -0.6712 -1.126sin 
+ 5.133  
 11.73


 zsite

+Msite
(0.0675
+
0.118sin
+ 5.142 

w
 11.28
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(7-23)

7.3.5 Magnitude Scaling Factor, ΔCSRMSF
Boulanger and Idriss have introduced two methods to calculate the Magnitude Scaling
Factor, MSF (Boulanger and Idriss models (2012 and 2014)). Instead of using the 2014 MSF for
this simplified procedure, the 2012 MSF was used. The explanation for this decision will be
discussed later.
Similar to previous sections, we compute the site-specific correction for the magnitude
scaling factor, ΔCSRMSF, as:


ΔCSRMSF = -ln  MSF
MSF ref 
site

(7-24)

Since the 2012 MSF is a function of magnitude, MSFsite = MSFref because there should be
no difference in the earthquake magnitude between the reference soil profile and the actual soil
profile. Therefore, ΔCSRMSF = 0 and can be excluded from Equation (7-12).
During this research process, we observed that the 2014 MSF produced inconsistent results
and biased trends in the simplified procedure that could not be resolved with a calibration or
correction equation. Because the 2012 MSF produced more consistent results, we chose to
implement the 2012 MSF in the simplified procedure. At the time of this thesis being written,
ongoing research by others is underway that will highlight problems involving the 2014 MSF.

7.3.6 Overburden Pressure, ΔCSRKσ
According to the Boulanger and Idriss (2014) model, the overburden pressure, Kσ is
computed as:

' 
K  1  C ln  v   1.1
 Pa 
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(7-25)

C 

1

37.3  8.27  qc1Ncs 

0.264

 0.3

(7-26)

where Pa is 1 atmosphere of pressure (i.e. 1 atm, 101.3 kPa, 0.2116 psf) and qc1Ncs must be
computed using the equations found in Idriss and Boulanger (2008, 2010). Similar to previous
correction functions, we can compute the correction term ΔCSRKσ as:

CSRK
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(7-27)

If the liquefaction parameter map for CSRref (%) is developed using the reference soil
profile (Figure 7-3), then Csref =0.108, Ksref =1.09, and Equation (7-27) would become:

CSRK
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(7-28)

site
7.3.7 Equations for CSRsite, FSL, PL, and qreq

The following section will summarize the equations we derived for the simplified Boulanger
and Idriss (2014) liquefaction triggering model and how to use them.

7.3.7.1 Simplified CSR, CSRsite
Once the CSRref (%) is obtained from the appropriate (i.e. hazard-targeted) map and the
appropriate correction factors are computed using Equations (7-14), (7-16),(7-23), and (7-28), the
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site-specific hazard-targeted CSRsite can be computed for site-specific soil layer i using the
following equation:

 CSR 
site

i

  CSR ref (%) 
 exp ln 
   CSR i  CSRFpga
100

 



   CSR    CSR
rd

i

i



MSF i


 CSRK  (7-29)
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During the research process, we observed that a calibration equation was needed to correct
site
a non-linear bias based on PGA. The corrected (calibrated) simplified CSR, CSRcalibrated
can be

calculated as:
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7.3.7.2 Simplified Factor of Satefy Against Liquefaction, FSL
To calculate the simplified FSL for site-specific soil layer i., the Boulanger and Idriss
site
(2014) equation for FSL is slightly modified by plugging the simplified CSR, CSRcalibrated
,into

the following equation:

 FS L
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i

where qc1Ncs is the clean sand corrected CPT resistance computed using the Boulanger and Idriss
site
method and CSRcalibrated
is the value computed in equation (7-30).
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7.3.7.3 Simplified Probability of Liquefaction, PL
To solve for the uniform hazard PL for the soil layer i, plug the simpflified CSR,
site
into the following Boulanger and Idriss relationship:
CSRcalibrated

 PL i

2
3
4
 q

  qc1Ncs i    qc1Ncs i    qc1Ncs i 
c1Ncs i
site

+
 -
 +
 - 2.60 - ln  CSRcalibrated i  
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where qc1Ncs is the clean sand corrected CPT resistance computed using the Boulanger and Idriss
site
method and CSRcalibrated
is the value computed in equation (7-30).   is 0.506 if parametric

uncertainty (i.e., uncertainty in measuring qc1Ncs and estimating seismic loading) is neglected, and

  is 0.276 if parametric uncertainty is considered.

site
7.3.7.4 Simplified qreq

To compute q L (or the difference between the soil resistance of the site and the
resistance required to resist liquefaction) for soil sublayer i,, we adapted the Mayfield et al (2010)
equation (Equation (7-1))) for CPT methods. The resulting equation to compute q L is:
site
qL   qc1Ncs i   qreq


i

(7-33)

where qc1Ncs is the clean sand corrected CPT resistance computed using the Boulanger and Idriss
site
method and  qreq
i can be closely approximated as:
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site
where CSRcalibrated
is the value computed in equation (7-30). We derived Equation (7-34) by

plotting the Boulanger and Idriss CRR curve (equation (7-7) for different values of resistance, qreq.
Recalling the relationship between CRR, CSR, and qreq (equation 6-7), plotting CRR(qreq) is also
equivalent to CSR. Once plotted, we fit polynomial equation to the curve with qreq as the dependant
variable and CSR as the independent variable.

Simplified Procedure Using the Ku et al. (2012) model [Probabilistic version of
Robertson and Wride (2009)]
The deterministic Robertson and Wride (2009) model is one of the most widely-used
methods for CPT-based liquefaction triggering evaluation. With the increasing popularity of
performance-based procedures, Ku et al. (2012) developed a probabilistic version of the Robertson
and Wride (2009) model.
The Ku et al. (2012) simplified procedure follows a similar setup as the simplified Mayfield
et al (2010) procedure by isolating qreq. Thus, the framework of the simplified procedure is
expressed as:
site
ref
qreq
 qreq
 qreq

66

(7-35)

site
ref
where qreq
is the simplified method approximation of q req , qreq
is the reference value provided by

the liquefaction parameter maps, and qreq is the site-specific correction factor. qreq is expressed
as:
site
ref


qreq  qreq
  qreq
pseudo
pseudo

(7-36)

site
where  qreq  pseudo is the q req computed for the site using information from a pseudo-probabilistic
ref
ref
analysis, and  qreq  pseudo is the qreq
computed for the reference soil profile using information from

a pseudo-probabilistic analysis. This simplified procedure only requires the engineer to compute
the qreq factor. The remaining section will derive the equations needed to compute qreq .
First, the Ku et al. (2010) probability of liquefaction, PL is expressed as:
 0.102  FS L 
PL  1   




(7-37)

where Ф represents the standard normal cumulative distribution function, FSL is the factor of
safety against liquefaction computed using the Robertson and Wride (2009) method, and  is equal
to 0.276 for model uncertainty or 0.3537 total uncertainty.
Recalling that FSL=CRR/CSR, Equation (7-37) becomes:

 0.102  ln  CRR   ln  CSR  
PL  1   





(7-38)

where CSR and CRR are expressed as:

 σ  a 
CSR = 0.65  'v   max  rd
 σv   g 
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(7-39)
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(7-40)
*
for qreq
 50

*
where qreq
is the q req that corresponds to a PL=50% (the CRR curve is the dividing line between

liquefiable and non-liquefiable soils (Figure 5-2), which is equivalent to a probability of
liquefaction, PL=50% ). Next, we re-arranged Equation (7-38) to solve for CRR as:

ln(CRR)  ln(CSR)   1 1  PL   0.102
CSR 

CRR  exp

1

(7-41)

1 PL 0.102

(7-42)

For a CRR corresponding to a probability of liquefaction of 50%, the standard normal
cumulative distribution function, Ф, is equal to 0. By setting Equation (7-40) equal to Equation
*
(7-42), qreq
can be isolated and expressed as:

For q*req  50,

 exp[ln(CSR)  0.102]  0.05 
*
qreq

 1000
0.833


(7-43)

1

*
For 50  qreq
 165,

*
For qreq
 165,

*
qreq

 exp ln  CSR   0.102   0.08  83

 1000
93



*
qreq
 91.63  CSR 

0.2524

 273.8

(7-44)

(7-45)

For Robertson and Wride (2009), qreq values greater than 165 are not defined by an equation
and are considered “non-susceptible” to liquefaction (personal communication, P. Robertson,
2017). However, in a probabilistic analysis, a possibility of liquefaction triggering must be defined
and quantified for all soil penetration resistances. Therefore, for this study, Boulanger and Idriss
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(2014) triggering relationships were assumed for qreq >165. We fit an equation to the Boulanger
and Idriss (2014) CRR curve for qreq values greater than 165 and solved for qreq . Therefore
*
>165 can be expressed as shown in Equation (7-45).
qreq

*
To compute qreq
, Equations (7-43), (7-44), and (7-45) are used iteratively. Given CSR, the
*
*
*
user enters Equation (7-43) and computes qreq
. If the resulting qreq
is less than 50, the qreq
for that

soil layer is computed using Equation (7-43) If the resulting q∗req is not less than 50, the user
*
*
continues to Equation (7-44) and computes qreq
. If the resulting qreq
falls within the range of 50

*
*
and 160, qreq
.is computed using Equation (7-44). If the resulting qreq
does not fall within the range,
*
for that soil layer is computed using Equation (7-45). This iterative process can be
qreq

accomplished using a nested IF statement in excel.

site
7.4.1 Equations for qreq
, FSL, PL, ΔqL , and CSRsite
site
Once qreq
has been computed, other liquefaction hazard parameters (i.e. FSL, PL, ΔqL , and

CSR) can be quickly calculated using the equations in the following sections. This section
summarizes the derived equations and the procedure for the simplified Ku et al. (2012) liquefaction
triggering model.

site
7.4.1.1 Simplified qreq
site
The following steps are used to compute the simplified qreq
:

1. Compute qreq
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site
ref


qreq  qreq
  qreq
pseudo
pseudo



(7-46)

site
qreq

is computed using the steps outlined above (iterative process using
pseudo

equations (7-43) through (7-45)) by using site-specific information at the location
of interest obtained from a pseudo-probabilistic analysis (i.e., CSR is computed
using a pseudo-probabilistic analysis given the site-specific information).


ref
é qreq
ù
ë
û pseudo is also computed using equations as outlined above by using reference

profile information at the location of interest obtained from a pseudo-probabilistic
 σv 
=
' 
 σv 

analysis. If the reference profile introduced in (Figure 7-3) is being used, 
2.34 and rd =0.892.
2. Obtain

ref from liquefaction
qreq

parameter maps

site
3. Compute qreq
as:

(7-47)

site
ref
qreq
 qreq
 qreq

Similar to the simplified Boulanger and Idriss (2014) procedure, we applied a calibration
site
site
equation to correct a PGA bias. The corrected qreq
is distinguished as qreq,calibrated
and is computed

as follows:

site
qreq,calibrated

 PGA  0.05g


= 0.5 > PGA < 0.2g

 PGA > 0.2g


 qreqsite - 45, 0 



site
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site
qreq
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MAX

70

(7-48)

7.4.1.2 Simplified FSL
site
site
Once qreq
or qreq,calibrated
is computed, FSL can be obtained for the soil layer i, using the

following relationship:

(CRR)
( FS ) = (CSR)

i

L i

=

i

CRR ( qsite )

=

(CRR (Q ))
tncs

( ) (CRR (q ))
site
req

CRR q

site
req

i

(7-49)

i

site
site
where qreq
can be the calibrated qreq,calibrated
(if the correction is applied) and Qtncs is the

corrected cone tip resistance calculated using the Robertson and Wride (2009) procedure.

7.4.1.3 Simplified PL
To solve for the uniform hazard probability of liquefaction, PL , for the soil layer i, plug
the simplified FSL into the following equation (from Ku et al. (2012):

 0.102  ln  ( FS L i ) 





 PL i  1   

(7-50)

where Ф represents the standard normal cumulative distribution function and   is the standard
deviation for model (   = 0.276) or total (   = 0.3537) uncertainty. The standard normal
cumulative distribution function can be evaluated using the built-in excel function NORMSDIST.

7.4.1.4 Simplified qL
After the Mayfield et al. (2010) procedure, qL for soil sublayer i is computed as the
difference between the soils ability to resist liquefaction (Qtncs) and the required resistance to
site
site
resist liquefaction ( qreq
or qreq,calibrated
).
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This is expressed using the equation below:
site

Δ  qL i = Qtncs i - qreq

(7-51)

i

site
7.4.1.5 Simplified CSRKu

In order to develop an equation to compute CSR, we re-arranged the probability of
liquefaction equation, PL (Equation (7-50)), and solved for CSR. Therefore, the simplified Ku et
site
al. (2012) cyclic stress ratio, CSRKu
, (Ku subscript added to distinguish from the Boulanger and

Idriss

CSR site ) is computed as:





site
site
CSRKu
(%)  exp 0.102  ln  CRR(qreq
)  *100

(7-52)

Recalling section 6.4, for values of qreq >165, the Boulanger and Idriss (2014) relationship
site
site
takes over. When computing CSRKu
, the qreq
that is to be used in Equation (7-52) needs to be

site
site
checked. For values of qreq
>165, the CSRKu
procedure uses the simplified

site
CSR site (or CSRcalibrated
)

from the simplified Boulanger and Idriss (2014) method (i.e., Equation (7-29) or Equation (7-30)).
site
site
For qreq
<165, values, CSRKu
can be computed following Equation (7-52) using the Robertson and

Wride (2009) CRR equations.
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8

LIQUEFACTION REFERENCE PARAMETER MAPS

The reference parameter maps are a critical part of the simplified performance-based
procedure. These maps provide values for a reference soil profile at a set of grid points for a return
period of interest. Once reference values are obtained, they are corrected for site-specific
conditions and implemented in the simplified procedure. As part of this funded research, we
created liquefaction reference parameter maps for Connecticut, Oregon, South Carolina, and Utah.
This chapter discusses the development of these maps.

Development of Reference Parameter Maps
The following are the steps used to develop the reference parameter maps:
1) Perform grid spacing study
2) Create a list of grid points
3) Perform full-performance based analyses at grid points using CPTLiquefY
4) Create contour maps in ArcMap
These steps are described in the following sections.
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Grid Spacing Study
The distance between grid points is important in determining the accuracy of the parameter
maps. From the grid points, ArcMap is used to create contours by interpolating the values between
grid points. If the grid points are too far apart, the maps may not be able to capture changes over
various areas. If the grid points are too close, the maps are too computationally demanding to
develop. Thus, a grid spacing study was necessary.
In the SPT simplified procedures (Ulmer, 2015; Ekstrom, 2015; Error, 2017), researchers
discovered that areas of high mapped PGA hazard would require smaller grid spacing, and areas
of low mapped PGA hazard would allow larger grid spacing. We also observed this to be for the
CPT simplified procedures. The USGS 2014 PGA hazard map (Figure 8-1) was chosen for this
study, which divides the United States into areas of different PGA ranges or color bins. 36 cities
representing different PGA ranges were chosen from various locations across the United States as
part of the study.
Figure 8-2 presents the sites and the 2014 PGA corresponding to a return period of 2475
used in the grid spacing study. The goal of the grid spacing study is to find the optimal grid point
spacing for each of the color bins.
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Figure 8-1. PGA Hazard Map (TR=2475 years) after USGS 2014

Figure 8-2. Range of PGA Values for Cities Used in Grid Spacing Study
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The grid spacing study used a square grid as shown in Figure 8-3 where the site of interest
is located at the center (anchor point) and four other corner points spaced at difference distances.
Similar to the grid spacing study by Ulmer (2015), this study was conducted using grid spacings
of 1, 2, 4, 8, 16, 25, and 50 km.

Figure 8-3. Grid Spacing with Anchor Point and Corner Points (Ulmer, 2015)

Using the CPTLiquefY tool created by Franke et al. (2017), full performance-based
analyses were performed at the center point and four corner points. Once completed, we averaged
the four corner points and compared their values to the center point. Based on the results, we
determined that the maximum percent error between the averaged values and the center point to
be 5%. The optimum grid spacing is defined as the smallest grid spacing that results in the selected
maximum percent error. The error is calculated as the absolute difference between the averaged
values and the center point.
Once the optimum grid spacing was determined using the maximum percent error , we
plotted the correlation between optimum grid spacing and PGA for each city. The results for CSR%
and qreq are shown in Figure 8-4 and Figure 8-5, respectively. The vertical dashed lines indicate
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different PGA ranges (or color bins) from the USGS 2014 PGA hazard map. The horizonal blue
lines are the chosen lower bounds for the grid spacing for each range. Table 8-1a and b summarize
the optimum grid spacing for each color range for CSR% and qreq, respectively.

Figure 8-4. Correlation between PGA and Optimum Grid Spacing for CSR% (Boulanger and
Idriss (2014))

Figure 8-5. Correlation between PGA and Optimum Grid Spacing for qreq (Ku et al. (2012))
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Table 8-1. Optimum Grid Spacings for each PGA Range for a) CSR% and b) qreq

Create a List of Grid Points
Using ArcMap, we created polygons matching each PGA color bin (from Table 8-1). Then,
according to the determined grid spacings, we used the Fishnet tool to create the grid points at
those distances within the corresponding color bins. Next, we compiled and prepared a list of
latitudes and longitudes to be used in CPTLiquefY. An example of the grid points within the
colored polygons is shown for Oregon in Figure 8-6.

Figure 8-6. Example of PGA Color Bins and Grid Points for Oregon
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Full Performance-Based Analysis at Grid Points using CPTLiquefY
Using CPTLiquefY (Franke et al., 2017), we performed full performance-based
calculations at each of the coordinates to compute the reference CSR% and qreq. These analyses
were performed at return periods of 475, 1039, and 2475 for both the Boulanger and Idriss (2014)
and Ku et al. (2012) models. Once the analyses were complete, we compiled and formatted the
results in preparation for map creation.

Creation of Contours
The values computed in Section 8.4 do not provide reference values at every location and
need to be interpolated. In ArcMap, we used the Kriging tool to interpolate values between the
grid points were in order to generate a raster to be used to create contours. An example output
raster for Oregon is shown in Figure 8-7 where varying shades of gray represent higher (lighter
shades) or lower values (darker shades).
Once the raster was generated, we used the Contour tool to create contour lines at any
specified interval. For higher seismicity areas, we used smaller contour intervals to show the
detailed changes and larger contour intervals for lower seismicity areas. Figure 8-8 shows an
example contour map for Oregon.
Once the contours were created, we added details such as a scale, title, north arrow, etc.
These maps created for Connecticut, Oregon, South Carolina, and Utah are located in the Appendix.
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Figure 8-7. Kriging Example for Oregon

Figure 8-8. Contour Example Map of Oregon
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9

ANALYSIS AND RESULTS

The previous sections showed how we developed the simplified performance-based
procedures and described the creation of the reference parameter maps. However, the
development of the simplified procedure is not complete without a validation of its results. The
ultimate goal of this research is to develop a simplified performance-based procedure that is able
to closely approximate the full-performance based procedure. This validation study demonstrates
the simplified methods ability to estimate full performance-based results. The comparison study
compares the full performance-based and pseudo-probabilistic procedures to the newly derived
simplified procedure. In the following sections, the results of the validation study will be
presented, followed by the comparison study.

Validation of the Simplified Performance-Based Method
To evaluate the accuracy of the derived simplified procedure, we conducted a validation
study that compared the results of the simplified method to the full performance-based method.
We performed the validation study at 17 sites throughout the United States of varying soil profiles
and seismicity for the 475, 1033, and 2475 return periods. The following sections will show the
plotted results with the full performance-based results plotted on the x-axis and the simplified
procedure results plotted on the y-axis. The analysis of the validation results is based on two main
criteria: the slopes of the trend line and the R2 values. The data with a trend line slope closer to 1.0
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is considered to better approximate the full-performance based procedure on average, and the data
with the larger R2 value is more consistent in its predictions.

9.1.1 Locations and CPT Soundings
For this study, we chose selected sites based on their seismicity and distribution across the
United States. Table 9-1 presents the latitude, longitude, and PGA (Tr = 2475 years) of the selected
sites. In order to represent a variety of soil types and stiffnesses, this validation study used 20 CPT
soundings obtained from the USGS CPT data database. The corrected cone tip resistance

(Qtncsor qc1Ncs ) with depth for each CPT sounding is plotted in Figure 9-1, showing the range of
cone tip resistances used in the validation. For all analyses, the ground water table was assumed at
the ground surface.

Table 9-1. Location and PGA of Selected Sites for Validation Study
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Figure 9-1. Soil Profiles Used to Validate the Simplified Procedure

9.1.2 Validation Results for the Simplified Boulanger and Idriss (2014) Procedure
Figure 9-2(a) through (e) show the validation scatter plot results of the simplified
performance-based procedure using the Boulanger and Idriss (2014) triggering model for
parameters (a) CSRsite(%), (b) FSL, (c) PL, (d) qL , and (e) qreq. From a visual standpoint, the results
of the simplified procedure fall on or near the 1:1 line, meaning the simplified procedure closely
approximates the full performance-based results.
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In addition, all the triggering parameters have R2 values higher than 0.980 and trendlines
with slopes between 0.9931 and 1.0139, indicating the simplified procedure is consistent in
estimating the full performance-based procedure.
These results demonstrate that the Boulanger and Idriss (2014) simplified performancebased procedure is able to closely approximate full performance-based results.

9.1.3 Validation Results for the Simplified Ku et al. (2012) Procedure
Figure 9-3(a) through (e) show the validation scatter plots of the simplified performancebased procedure using the Ku et al. (2012) triggering model for parameters (a) qreq, (b) FSL, (c) PL,
(d) qL , and (e) CSRsite(%). All of the triggering parameters have R2 values higher than 0.984,
meaning the simplified Ku et al. (2012) procedure consistently approximates the full performancebased procedure. The slope of the trendlines range between 0.943 and 1.009, indicating that the
simplified method accurately estimates the full performance-based method. These results suggest
that the Ku et al. (2012) simplified performance-based procedure is able to closely approximate
full performance-based results.
When compared to the Boulanger and Idriss (2014) simplified method, the Ku et al. (2012)
method appears to have more spread in the data, especially for PL and qL . We observed that some
of this scatter occurred for areas of very low PGA (less than 0.2g). Despite this observation, the
Ku et al. (2012) method still closely approximates the full performance-based method.
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Figure 9-2. Validation Scatter Plots Comparing Simplified and Full Performance-Based Procedures for (a) CSRsite(%), (b) FSL, (c)
PL, (d) qL , and (e) qreq for the Boulanger and Idriss (2014).
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Figure 9-3. Validation Scatter Plots Comparing Simplified and Full Performance-Based Procedures for (a) qreq, (b) FSL, (c) PL, (d)
site
qL , and (e) CSR (%) for the Ku et al. (2012) model
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Comparison between Pseudo-Probabilistic Method and Simplified PerformanceBased Procedures
In the previous section, we conducted a validation study that compared the results of the
simplified performance-based procedure to the full performance-based procedure. This study
validated the ability of the simplified procedure to accurately and consistently approximate the
full performance-based procedure. Because the full performance-based procedure can be
difficult to apply in a rapid manner, the conventional pseudo-probabilistic approach is often used
in engineering practice. Therefore, this comparison study compares the results of the simplified
performance-based procedure and the conventional pseudo-probabilistic procedure.

9.2.1 Location and Profiles
For this study, 12 sites were chosen at random from among cities in the four states (Utah,
South Carolina, Connecticut, and Oregon) participating in this research. Of the 12 sites, 8 sites
have a PGA less than 0.2g, with the remaining sites having PGA values greater than 0.2g. presents
a list of the 12 cities and their corresponding latitudes and longitudes, PGA, and mean magnitude
at the 2475-year return period (from the deaggregation results of the 2014 USGS seismic hazard
maps). For the simplified performance-based analyses in this study, we used the reference
parameter maps to interpolate reference parameter values rather than calculate them directly at
each of the selected sites. The soil profiles presented in Figure 9-1 were also used for this study.
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Table 9-2: Sites Selected for Comparison Study

9.2.2 Comparison with the Pseudo-Probabilistic Procedure
In the comparison study, we performed liquefaction triggering calculations using my
derived simplified performance-based procedure, the pseudo-probabilistic procedure, and the full
performance-based procedure. These calculations were performed at the 12 selected sites for 20
different soil profiles and for return periods of 475, 1033, and 2475 years. The following sections
will present the results of the comparison study using the Boulanger and Idriss (2014) and Ku et
al. (2012) triggering models. The computed results of the simplified performance-based procedure
and pseudo-probabilistic procedure are plotted on the y-axis. we evaluated both procedures on
their ability to approximate full performance-based results, thus, the full performance-based results
are plotted on the x-axis. The comparison between the simplified performance-based procedure
and the pseudo-probabilistic procedure is based on two main criteria: the slopes of the trend line
and the R2 values. The data with a trend line slope closer to 1.0 is considered to better approximate
the full-performance based procedure on average, and the data with the larger R2 value is more
consistent in its predictions.
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9.2.3 Comparison of Boulanger and Idriss (2014) Triggering Model
The comparison results for the Boulanger and Idriss (2014) triggering model are presented
in for CSR% (a), FSL (b), and qreq (c), showing results for all three return periods. An initial
observation of the comparison plots shows that the pseudo-probabilistic procedure exhibits much
greater scatter than the simplified procedure. By comparing average R2 values, the simplified
procedure had a higher average R2 value (0.987) than the pseudo-probabilistic procedure (0.921).
In the case of qreq, the pseudo-probabilistic has a slightly greater R2 value (0.977) than the
simplified procedure (0.975), however, such small differences are negligible. The average slopes
of the trendlines are 1.016 (pseudo-probabilistic) and 0.996 (simplified), meaning the pseudoprobabilistic procedure overestimates the full performance-based method by 1.62% and the
simplified procedure underpredicts by 0.42%. These results suggest that the proposed simplified
performance-based procedure incorporating the Boulanger and Idriss (2014) triggering model
provides a more consistent and precise approximation of the full performance-based procedure
than the conventional pseudo-probabilistic procedure.

9.2.4 Comparison of Ku et al. (2012) Triggering Model
The comparison results for the Ku et al. (2012) triggering model are presented in using
different representations of liquefaction triggering hazard: qreq (a), FSL (b), and CSR% (c) also
showing all three analyzed return periods. Similar to the Boulanger and Idriss (2014) comparison
results, the pseudo-probabilistic procedure also visually exhibits much greater scatter than the
simplified procedure. For all three parameters shown, the simplified procedure achieved a much
higher R2 value than the pseudo-probabilistic procedure. The average R2 values are 0.7 (pseudoprobabilistic) and 0.975 (simplified), suggesting that, on average, the simplified performancebased procedure is a better overall approximation of the full performance-based procedure. For
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the slope of the trend lines, the average slopes are 1.04 (pseudo-probabilistic) and 0.981
(simplified). This means, on average, the pseudo-probabilistic procedure over-predicts the full
performance-based procedure by 4% (with the exception of the FSL) and the simplified procedure
is underpredicting by 1.9%. Based on these results, we also concluded that the newly derived
simplified performance-based procedure incorporating the Ku et al (2012) triggering model
provides a more consistent and precise approximation of the full performance-based procedure
than the conventional pseudo-probabilistic procedure.

Summary
In sections 9.1 and 9.2, we analyzed the results of Boulanger and Idriss (2014) and Ku et
al. (2012) simplified performance-based procedures. The validation study results demonstrated
that the simplified performance-based procedure is able to accurately and consistently
approximate the results of the full performance-based procedure. Similarly, the comparison
study results showed that the simplified performance-procedure more accurately estimates the
full performance-based procedure than the pseudo-probabilistic procedure. In both studies, the
Boulanger and Idriss (2014) simplified procedure appeared to provide closer approximations
than the Ku et al. (2012) procedure. Regardless, both methods still produced more accurate
results than the traditional pseudo-probabilistic procedure. The results of these studies show that
the main goal of this thesis has been accomplished. The developed simplified performance-based
procedures are able to closely approximate the full performance-based, while being simple and
efficient.
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Figure 9-4. Comparison Results for the Boulanger and Idriss (2014) Triggering Model for (a) CSR%, (b), FS L, and (c) qreq
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Figure 9-5. Comparison Results for the Ku et al. (2012) Triggering Model for a) qreq, (b), FSL, and (c) CSR(%)
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10 CONCLUSION

The effects of liquefaction can be devastating and should be properly evaluated in
civil engineering practice. Several methods, such as performance-based methods, have
been developed to estimate liquefaction triggering potential. Research shows that
performance-based liquefaction assessments provide a more consistent and complete
estimate of liquefaction hazard than other forms of analysis. Unfortunately, this procedure
is not often used because of its complexity and difficulty to apply efficiently in engineering
practice.
The purpose of this thesis was to develop a simplified performance-based procedure
for CPT-based methods that maintains the benefits of a performance-based method while
being simple and user-friendly. Using the methodology introduced by Mayfield et al.
(2010), this research derived simplified procedures for the Boulanger and Idriss (2014) and
Ku et al. (2012) triggering models. The following objectives were completed to accomplish
this purpose:
1. Derived the simplified procedure which included csite-specific correction
equations to adjust reference values. These values can be converted to
different liquefaction parameters (i.e. qreq, CSR(%), FSL, and PL).
2. Created liquefaction parameter contour maps for interpolating reference
parameters.
3. Evaluated the simplified procedure’s ability to closely approximate full
performance-based results. Findings showed that the simplified procedure
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closely approximates the results of the full performance-based procedure for
both the Boulanger and Idriss (2014) and Ku et al. (2012) models.
4. Compared the accuracy of the simplified procedure and the pseudoprobabilistic procedure. For both triggering models, the simplified procedure
produces a closer approximation of the full performance-based procedure than
the pseudo-probabilistic procedure.
The simplified approach allows engineers to easily estimate full performance-based
results for the Ku et al. (2012) and Boulanger and Idriss (2014) liquefaction triggering
models. This new procedure does not require sophisticated software or special training.
However, engineers should continue to exercise good engineering judgment when
performing these calculations.
In summary, the simplified procedure developed in this thesis provides close
estimates of the full performance-based results while being simplistic and user-friendly.
As a result of this research, performance-based methods of evaluating liquefaction
triggering can now be easily and efficiently applied by practicing engineers.
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APPENDIX A

LIQUEFACTION PARAMETER MAPS
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